Phenol-formaldehyde mixtures are widely used in a variety of applications, such as flame-retardant or adhesives. This kind of resin can also be used as surface protecting polymers for glassy carbon electrodes when they are applied to phenol oxidative processes. The purpose of this work was to obtain the best conditions for phenol (and two derivatives) determination with a phenol-formaldehyde modified glassy carbon electrode in flow injection analysis (FIA) with amperometric detection and to compare these results with those obtained with two different modifiers, 4-hydroxybenzaldehyde and 4hydroxybenzoic acid, under the same conditions. Linear relationships were obtained in the 0.1 to 1.0 µM phenol (or derivative) concentration range, the optima experimental conditions being 1.11 ml min -1 , 0.700 V (vs. Ag/AgCl/NaCl 3 M), with an electrodeposited charge of the modifier of 1.10 C cm -2 and using an aqueous buffer (0.10 M total phos-phate+0.05 M KCl, pH=7.0) as carrier solution.
Phenol and substituted phenols are widely known as components in industrial and natural waste. Their presence in water is partially responsible of its toxicity and affects aquatic organisms, including bioaccumulation in fish tissues. Phenols are introduced into the environment in a variety of ways, like paper pulp manufacturing, agricultural practices and the petrochemical industry. 1 Besides, even at low concentrations in drinking water, they give off strong tastes and odors. These are the reasons why they are currently analyzed in drinking and surface water. Consequently, the detection of phenols at low concentrations is of environmental concern.
A large number of articles have reported on the determination of phenol and its derivatives using mainly a previous chromatographic separation with UV detection. 1, 2 However, only a few of them have reported electrochemical detection. 2, 3 Nevertheless, on bare glassy carbon and other solid electrodes there is a sensitivity decrease, after phenol oxidation, due to electrode poisoning attributed to a polymer film that builds up on the electrode surface. 4 The effect becomes more pronounced as the phenol concentration increases and is attributed to the production of phenoxy radicals that are adsorbed and polymerized at the electrode surface. 5, 6 This analytical signal decrease, resulting from electrode poisoning, can be overcome by anodic polarization 7 , or reactivation of it by cleaning the surface with different solutions 1 or by covering the electrode surface with a protective polymeric film. 8 This article compares the relative response of phenol and two derivatives at glassy carbon electrodes modified with three different polymers. An activated electrode was also tested in order to compare with the effect resulting from anodization in an alkaline solution.
The electrodes are characterized by cyclic voltammetry and the optimum conditions for the amperometric response in a flow injection analysis (FIA) system are reported.
Experimental

Reagents and solutions
Phenol (Ph) (ACS reagent grade) was obtained from Merck. 4-Hydroxybenzaldehyde (4-HBAl) (stored before use under nitrogen in a vacuum desiccator), 4hydroxybenzoic acid (4-HBAc), 4-hydroxyphenol (4-OHPh) and 4-chlorophenol (4-ClPh) were purchased from Aldrich. Formaldehyde (Fisher Scientific) was a 37% aqueous solution containing the usual 12 -15% methanol as a preservative. All other reagents were of analytical grade. Aqueous solutions were prepared with purified water (Milli-Q, Millipore System). Alumina used for polishing (in water suspension) consisted of 0.05 µm (BAS) and 1 µm (Buehler) particle size material.
All solutions were prepared daily by dilution from standard solutions of the different analytes (1.06×10 -5 M) in 0.1 M phosphate buffer+0.05 M NaCl solution (pH=7.2) that also served as supporting electrolyte.
Apparatus
Amperometric experiments were performed with the Bioanalytical Systems (BAS) Model LC-4C amperometric detector in connection with a Linseis X-t recorder. The working glassy carbon electrodes (BAS MF-1000); the reference electrode, Ag/AgCl/3 M NaCl (BAS MF-2021); and an auxiliary stainless-steel electrode were all housed in a thin-layer flow cell cabinet (BAS CC-5). The flow injection system consisted of a carrier reservoir, a Gilson (Miniplus 3) peristaltic pump, a Rheodyne (Model 7125) injection valve (20 µl sample loop) and interconnecting PFTE tubing to the electrochemical flow cell.
Cyclic voltammetry scans were performed in a IM5d (Zahner) using different modified and pretreated electrodes as the working one, jointly with a reference electrode (Ag/AgCl/3 M NaCl) and an auxiliary platinum electrode. A potentiostat and a digital coulombimeter, both from LyP Electronica, were used for electrode surface modification (activation and polymerization) and for monitoring the charge.
Prepolymer mixture preparation
A 50 ml aliquot of a solution (0.100 M total phosphate, pH=10.0) containing 4.0 g of phenol (4-hydroxybenzaldehyde or 4-hydroxybenzoic acid) and 10 ml of a 37% formaldehyde solution was refluxed for about 3 h. The resulting dark solution was treated with HCl until the resole mixture started to precipitate. This solid was washed with H 2 O and redissolved in an alkaline solution.
Electrode preparation and procedure
Electrode surfaces were mechanically polished with a 1-µm alumina suspension, and then with a 0.05-µm one (both on Microcloth pads obtained from BAS) and finally rinsed with purified water and sonicated for 5 min. The electrode coating was performed electrochemically, applying 1.2 V (vs.) Pt from a resol prepolymer mixture. The electrode activation procedure was carried out on a mechanically polished surface by applying 1.2 V (vs.) Pt in a phosphate alkaline buffer solution (pH=10.0) (activated electrode). After the modification, the electrode was cycled 10 times in a pH 7.20 buffer at 0.100 V s -1 between -0.200 and +1.200 V to ensure more complete electropolymerization in the film and to obtain more reproducible results. For the electropolymerization and activation procedures both the reference and auxiliary electrodes were Pt wires, while in cyclic voltammetry experiments a Pt wire auxiliary electrode and a Ag/AgCl/3 M NaCl reference electrode were used. All potential values are referred to the last reference electrode.
All runs were performed at room temperature in the phosphate buffer by holding the working electrode at the desired potential. Amperometric detection was performed under different flow injection conditions, allow-ing the current to decay to its stationary value previous to analyte injection.
Results and Discussion
Cyclic voltammetry
The performance of the three polymer films was investigated under different experimental conditions. Figure 1 shows typical i/E profiles in the supporting electrolyte for bare and polymer modified (based on 4-HBAl) glassy carbon electrodes. In the modified one, two broad current peaks were obtained, that can be attributed to oxidation/reduction of the phenolic/ quinone groups of the polymeric film. Similar i/E profiles were obtained for the other prepolymer mixtures (not shown).
In order to compare the behavior on the different polymer modified glassy carbon electrodes, a set of cyclic voltammogram experiments on a supporting electrolyte and phenol solutions was performed. Figure  2 shows cyclic voltammograms in a 1.00×10 -3 M phenol solution for the three different polymer modified electrodes. The i/E potentiodynamic profiles show no significant differences, except that the anodic current peaks are higher for Ph and 4-HBAl polymers than for 4-HBAc, indicating a better response, at least by cyclic voltammetry, for the former films. It is worth noting that although during the first cycles there are no significant differences, a more important decrease in the current peaks for activated or polished glassy carbon than for polymer modified electrodes is observed. However, because this technique limits the analytical application of the modified electrodes, flow injection analysis (FIA) with amperometric detection was performed. 462 ANALYTICAL SCIENCES MAY 1999, VOL. 15 
Amperometric detection optimization
The electrode optimization was performed with different prepolymer mixtures, but because in all cases the same behavior occurred, only the results for 4-HBAl modified electrode are presented.
The effect of the applied potential at the working electrode was investigated in the 0.300 to 1.000 V potential range. Hydrodynamic voltammograms for 1.04×10 -6 and 4.17×10 -7 M phenol standard solutions in a phosphate buffer (pH=7.2) are shown in Fig. 3 . A continuos current increase with a potential increment occurs between 0.500 and 0.800 V, reaching a plateau at higher potential values. Although at 0.700 V there is still mixed control, a good signal is obtained, and at this potential value the number of candidates to interfere is minimized.
The effect of the electrodeposited charge on an oxi-dation current of 2.12×10 -4 M phenol is shown in Fig.  4 . An initial decrease is observed on the electrode response with a charge increment showing a minimum and then a further increase. The initial decrease can be explained considering that at these charge values there is not a complete surface coverage, and during the first injections the analytical signal for an activated electrode is higher than that for a polymer modified electrode. After the first complete layer is obtained, a better arrangement of the polymer structure is probably attained by increasing its conductivity and producing higher current signals. Although there is a signal increment at higher electrodeposited charge values, there is a compromise between the involved time and the electrode response. Then, a charge of 1.10 C cm -2 , corresponding to approximately 1 h of polymer electrodeposition, was chosen in order to obtain a good electrical signal; also, the electrode preparation did not take too much time. Different supporting electrolytes were tested for phenol and derivative quantification. Besides buffer phosphate (pH=7.2), 0.1 M H 2 SO 4 , 0.1 M H 3 PO 4 and 0.1 M NaOH were also analyzed. In acid media (pH=0.3 -2.4) very small signals were obtained at 0.700 V. On the other hand, a better response was observed with alkaline solutions ( pH=13.0) but at this pH value the polymer films dissolved. In order to obtain the best compromise between sensitivity and film stability, pH=7.2 (phosphate buffer solution) was chosen as the carrier.
The flow rate (v flow ) also has an important effect upon the analytical response of the modified electrodes for phenols and derivatives. Figure 5 shows the analytical signal as a function of the flow rate for a 2.12×10 -7 M phenol solution. As can be observed, a gradual decrease in the response occurs with increasing flow rate between 0.37 and 2.96 ml min -1 . In contrast, when the peak widths were analyzed and as expected consid-463 ANALYTICAL SCIENCES MAY 1999, VOL. 15 For such a reason and taking into account the compromise between the current response and the time involved in the experiments, a flow rate of 1.11 ml min -1 was selected. Accordingly, all subsequent phenol and phenol derivatives assays were carried out at 0.700 V potential in a phosphate buffer solution (pH=7.2), at a flow rate of 1.11 ml min -1 with a polymer modified electrode and an accumulated charge of 1.10 C cm -2 .
The short-term stability of the different modified, activated and polished electrodes was tested concerning their phenol response. Figure 6 shows the analytical signal for a 2.12×10 -7 M phenol solution tested for 2 h with polished, activated and 4-HBAl modified electrodes. Five consecutive injections were performed every 1 min, waiting for 5 min before performing the next set of injections. At very short times, the highest signal value was obtained with the activated electrode. Afterwards, there was a signal decrease until a constant value was reached for either this electrode or the polished one; for the polymer modified electrode, the signal remained practically unchanged during the whole time period, this value being higher than those obtained with the other electrodes. Another remarkable feature is that higher dispersion was observed with the activated or polished electrodes. These results account for the advantage of using polymer modified electrodes for the detection of phenol and related compounds.
The calibration curves for Ph, 4-OHPh and 4-ClPh were obtained at different modified electrodes. For Ph as analyte the best response was obtained with a Phmodified electrode,while the other two polymers showed lower current peaks. Particularly, for the 4-HBAc polymer, the signal was almost independent of the phenol concentration over this concentration range; nevertheless, at higher concentration values a linear behavior was obtained. The current peaks for 4-CIPh are, in general, higher than those obtained with phenol. In this case 4-HBAc polymer showed a better response than the others. Finally, the calibration curves for 4-OHPh showed even higher current values than the previous one. The best polymer in this case corresponds to the Ph-modified electrode. Table 1 summarizes the different calibration slopes, their corresponding regression coefficients and the limits of detection, considered as three-times the standard deviation of the lowest injected concentration. These results indicate that the analytical signal depends not only on the analyte, but also on the polymer used to modify the electrode. Therefore, it can be concluded that at least for the phenol and phenol derivatives tested in this study, the Ph modified electrode rendered the best response for amperometric FIA determination. 464 ANALYTICAL SCIENCES MAY 1999, VOL. 15 A linear current-concentration dependence from 1×10 -7 M to 8×10 -7 M was observed for different modified electrodes with three analytes, except for Ph detected with 4-HBAc and Ph based polymers, where no dependence or deviation was obtained, respectively.
Electropolymerization at glassy carbon surfaces of resole prepolymers derived from phenol, 4-hydroxybenzaldehyde or 4-hydroxybenzoic acid with formaldehyde, results in films that facilitate electron transfer and protect an electrode from passivation when it is used for sensing phenol and phenol derivatives. Although there is an important influence of all the analyzed variables, the surface can be used as working electrodes in a thin-layer cell configuration for amperometric detection in continuous-flow systems, for phenol and derivatives. The proposed methodology offers proper limits of detection for phenol and substituted derivatives determination in water samples as well as the additional advantage of short-time analysis.
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